Abstract. Hepatocellular carcinoma (HCC), which is a type of malignant tumor, is the fifth most common cancer in men and ninth in women worldwide. The aim of the present study was to investigate the antitumor effect of diosmetin (DIOS) in hepatocellular carcinoma HepG2 cells. The proliferation, apoptosis and autophagy rates of HepG2 cells were measured following treatment with DIOS. The effects of DIOS treatment on HepG2 cell proliferation and apoptosis rates were analyzed using MTT assays and Annexin V staining, respectively. The effect of DIOS treatment on autophagy levels was assessed using transmission electron microscopy, green fluorescent protein (GFP)-microtubule-associated protein 1 light chain (LC3) transfection and LysoTracker Red staining. Furthermore, bafilomycin A1 (BA1), an autophagy inhibitor, was used to assess the association between DIOS and cell autophagy, proliferation and apoptosis. In addition, the expression of autophagy-related proteins [mammalian target of rapamycin (mTOR), phosphatidylinositol 3-kinase, P70S6K, phosphoinositide-dependent kinase-1, extracellular signal-regulated kinase, 5'-AMP-activated protein kinase and Akt] and apoptosis-related proteins [B-cell lymphoma (Bcl)-2-associated X protein, Bak, p53, Bcl-2 and caspase-3] were analyzed by western blotting. The results revealed that DIOS significantly inhibited proliferation (P<0.01) and induced apoptosis (P<0.001) in HepG2 cells. It was also demonstrated that DIOS triggered autophagy by regulating the mTOR pathway in HepG2 cells. Notably, following treatment of HepG2 cells with the autophagy inhibitor, BA1, the expression of apoptosis-related proteins, including Bax, Bak and p53, were significantly decreased (P<0.05), and cell viability was recovered to a certain extent. In conclusion, DIOS inhibits cell proliferation and induces apoptosis in HepG2 cells via regulation of the mTOR pathway. Thus, the results of the current study indicate that DIOS may present a potential therapeutic agent for HCC treatment.
Introduction
Hepatocellular carcinoma (HCC) is a relatively common type of malignant tumor in some less developed regions, especially in Eastern Asia (1, 2) . In 2012, it was estimated that HCC was the fifth most common type of cancer in males, accounting for 7.5% of all cancers, and the ninth most common type of cancer in females, accounting for 3.4% of all cancers (2) . HCC exhibits one of the highest mortality rates among malignant tumors worldwide (the ratio of mortality to incidence is 0.95) and a low 5-year survival rate (4.26%) when compared with other cancer types (3, 4) . Because of the lack of specific symptoms in the early stage, a large proportion of patients are not diagnosed with HCC patients until metastasis has occurred (5) . At present, common clinical and pathological parameters, including α-fetoprotein and tumor differentiation, are used to diagnose HCC, and hepatectomy is combined with chemotherapy as the standard treatment (1) . However, treatment is often ineffective due to the high incidence of recurrence and metastasis (6) , and, thus, it is important to develop an effective novel therapeutic strategy to treat HCC (7, 8) .
Autophagy and apoptosis are two processes that remove aged or altered cells from the body (9) . Autophagy is an evolutionarily conserved catabolic process that occurs in eukaryotic cells, which results in the lysosomal breakdown of organelles in response to stressful stimuli (10) . It has previously been reported that anticancer therapies including cytotoxic chemotherapy, (11) radiation (12) and kinase inhibitors (13) , are able to induce autophagy in tumors and cause cell death in tumor tissues. Apoptosis, also termed programmed cell death, is a complex process that is associated with the expression of apoptosis-related proteins, including p53, caspases, Bcl-2 and Bax (14) . Cell apoptosis may be induced due as a result of physiological regulation and chemical stimulation (7) . Diosmetin (DIOS; Fig. 1A ), which is obtained from the legume Acacia farnesiana and the leaves of Olea europaea L., is an aglycone of the flavonoid glycoside, diosmin (15) . DIOS has been demonstrated to exhibit antibacterial (16) , antimicrobial (17), anti-inflammatory (18) and antioxidant (19) effects. Additionally, it has been demonstrated that DIOS exhibits anticancer activity in breast cancer cells by inducing cell cycle arrest (20) . The present study aimed to investigate the effect of DIOS treatment on cell invasion and autophagy in HCC cells and to evaluate whether DIOS treatment triggers cell apoptosis. Cell culture. The human HCC HepG2 cell line was provided by the Shanghai Maternal and Child Health Hospital (Shanghai, China). Cells were maintained in RPMI-1640 medium supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), cultured at a 37˚C in an atmosphere of 5% CO 2, and passaged to 80% confluence.
Materials and methods

Reagents
Cell proliferation assay. Cell proliferation was assessed by MTT assay. A total of 1x10 4 cells/well were seeded in 100 µl RPMI-1640 culture medium in a 96-well plate. Following 24 h in adhesive culture, the medium was removed and 1, 2, 5, 10, 15 or 20 µg/ml DIOS was added. Untreated cells served as the control group. After 24 h, 20 µl MTT (5 mg/ml) was added to each well. Following incubation for 3 h at 37˚C, the medium was removed and 200 µl DMSO was added to each well. Subsequently, absorbance was measured using a microplate reader (PerkinElmer, Inc., Waltham, MA, USA) at a wavelength of 570 nm. Each experiment was performed in triplicate.
Annexin V staining. Annexin V staining was used to assess the apoptotic rate of HCC cells following treatment with DIOS. The Annexin V Apoptosis Detection kit I was used, according to the manufacturer's instructions. Briefly, cells (5x10 4 /well) were seeded into a 6-well plate at 37˚C overnight followed by treatment with 5, 10 and 20 µg/ml DIOS. Untreated cells served as the control. Cells were washed twice with cold phosphate-buffered saline (PBS) and resuspended in 100 µl binding buffer. The cell suspensions were then treated with 5 µl FITC-Annexin V and 10 µl propidium iodide (PI) and incubated for 15 min at room temperature in the dark. Next, 400 µl binding buffer was added to terminate the reaction and the apoptosis rate of the cells was analyzed by flow cytometry (BD FACSCanto II; BD Biosciences) at a 488-nm excitation wavelength; the emission wavelengths of FITC and PI were observed at 520 nm and 617 nm, respectively.
Transmission electron microscopy. Cells (1x10 6 ) were fixed in 2.5% glutaraldehyde (Ted Pella Inc., Redding, CA, USA) and 0.1 mol/l phosphate buffer (pH 7.4; Jinuo, Hangzhou, China) for 30 min at room temperature followed by fixation in 1% osmium tetraoxide (Ted Pella Inc.) and 0.1 mol/l phosphate buffer (pH 7.4) for 30 min. Cells were then subjected to graded ethanol dehydration with epoxy propane (Ted Pella Inc.), embedded in epoxy resin and segmented using a UC7 ultrastructural slicer (Leica Microsystems GmbH, Wetzlar, Germany). Sections (90-nm) were subsequently stained with 5% uranyl acetate (SPI-Chem, West Chester, PA, USA) and 5% lead citrate (SPI-Chem) prior to analysis using a JEM1400 transmission electron microscope (JEOL Ltd., Tokyo, Japan).
Cell transfection. Cells at 80% confluence were seeded in 6 wells plate and transfected with the GFP-LC3 plasmid using Lipofectamine™ 2000, according to the manufacturer's instructions. Cells were treated with various concentrations (0, 5, 10 and 20 µg/ml) of DIOS 24 h after transfection and assessed using a fluorescence microscope (Leica Microsystems GmbH). Green fluorescence indicated that plasmids had successfully been transfected into the cells.
Lyso-Tracker Red staining. Cells were treated with 0, 5, 10 and 20 µg/ml DIOS for 24 h followed by incubation with 75 nmol/l Lyso-Tracker Red for 2-3 h at 37˚C. Next, LysoTracker Red was removed and cells were stained with Hoechst 33342 (Beyotime Institute of Biotechnology) for 10 min at 37˚C. Cells were washed three times in PBS, incubated with fresh culture medium and observed using a fluorescence microscope (Leica Microsystems GmbH). Red fluorescence was measured using 544 nm excitation and 590 nm long pass emission filters.
Western blotting. Cells were washed twice with PBS and suspended in lysis buffer (Beyotime Institute of Biotechnology) for 30 min on ice. Lysates were centrifuged at 13,000 x g for 10 min at 4˚C and transferred to polyvinylidene difluoride membranes (EMD Millipore, Billerica, USA) prior to 10% SDS-PAGE. Membranes were then blocked with 5% bovine serum albumin (Biosharp, Hefei, China) in Tris-buffered saline (Beyotime Institute of Biotechnology) containing Tween-20 (TBST; Sangon Biotech Co., Ltd., Shanghai, China) for 1 h at room temperature. After three washes with TBST, membranes were incubated with primary antibodies at 4˚C overnight. Membranes were then washed three times with TBST prior to incubation with secondary antibody (cat. no. E030120; 1:1,000; EarthOX Life Sciences, Millbrae, CA, USA) for 2 h at room temperature. The protein bands were exposed in a dark room and analyzed using AlphaView SA 3.4.0. software (ProteinSimple, San Jose, CA, USA). Protein expression was normalized to GAPDH.
Statistical analysis. Data were obtained from at least three independent experiments and all results are expressed as the mean ± standard error of the mean. Differences between the groups were assessed using the Student's t-test and all statistical analysis was performed using SPSS 18.0 statistical software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
DIOS inhibits HepG2 cell proliferation.
MTT assay was performed to assess the effect of DIOS on HepG2 cell proliferation. The results demonstrated that cell proliferation was significantly inhibited following treatment with ≥5 µg/ml DIOS (P<0.01; Fig. 1B ) with a half maximal inhibitory concentration of 11.60±1.71 µg/ml at 24 h. In addition, morphological changes were observed under a microscope: Cells treated with 10 and 20 µg/ml DIOS were distorted and cell proliferation was markedly inhibited compared with controls (Fig. 1C) .
DIOS promotes apoptosis via activation of caspase-3 in
HepG2 cells. FITC-Annexin V/PI double staining was used to detect apoptosis in HepG2 cells following DIOS treatment. Following treatment with 10 and 20 µg/ml DIOS, the rate of apoptosis significantly increased compared with the control (25.6±4.8 and 37.6±6.1 vs. 8.8±0.7, respectively; P<0.001; Fig. 2A ). These results indicated that DIOS treatment promotes apoptosis in HepG2 cells in a dose-dependent manner. Furthermore, western blot analysis demonstrated that DIOS downregulated Bcl-2 expression and upregulated Bak, Bax, p53 and casapse-3 protein expression in a dose-dependent manner (Fig. 2B) .
DIOS induces autophagy in HepG2 cells.
Transmission electron microscopy demonstrated that DIOS induced the generation of autophagosomes in HepG2 cells. As shown in Fig. 3A , cells treated with 5 µg/ml DIOS exhibited enlarged mitochondria and fragmented cristae. Cells treated with ≥10 µg/ml DIOS exhibited increased numbers of autophagosomes in the cytoplasm. To confirm the progression of autophagy, the distribution of GFP-LC3 was detected following transfection of the GFP-LC3 plasmid into the cytoplasm. The cytosolic form (LC3-I), viewed as dispersed green fluorescence under the microscope, is converted to the autophagosome-associating form (LC3-II), viewed as bright fluorescent spots under the microscope, as autophagy occurs (21) . Following treatment of cells with 0, 5, 10 and 20 µg/ml DIOS for 24 h, the GFP-LC3 in the cytoplasm changed from the cytosolic form into the autophagosome-associating form (Fig. 3B) , indicating that DIOS treatment converted LC3-I to LC3-II, which is associated with the formation of autophagosomes. In addition, LysoTracker Red staining was used to count the number of lysosomes in the HepG2 cells following treatment with DIOS. The results revealed that the number of active lysosomes in HepG2 cells increased in a dose-dependent manner following DIOS treatment (Fig. 3C) . These results indicated that DIOS induced cell autophagy in HepG2 cells in a dose-dependent manner.
DIOS induces cell autophagy via the mTOR-related signaling
pathway. mTOR and proteins associated with the signaling pathway, including PI3K, PDK1, Akt, ERK1/2, AMPK S6k and Beclin-1, are autophagy regulatory proteins (22, 23) . LC3-II is critical for autophagosome formation and thus is a marker of autophagy (24) . In the current study, expression of the aforementioned proteins in HepG2 cells was measured to evaluate whether the autophagy mechanism was induced following DIOS treatment. Western blot analysis revealed that following treatment with DIOS for 24 h, LC3-II and Beclin-1 expression increased in a dose-dependent manner (Fig. 3D) . In addition AMPK protein expression was significantly increased (P<0.001) and mTOR, PI3K p85 and S6k protein expression were significantly decreased in a dose-dependent manner (P<0.05; Fig. 4) . No marked changes in the expression of Akt and ERK1/2 were observed (P>0.05); however, the phosphorylation of Akt and ERK1/2 were significantly decreased (P<0.001; Fig. 4 ).
Autophagy inhibitor BA1 reverses DIOS-induced cell proliferation inhibition and apoptosis.
To determine the effect of DIOS-induced autophagy, HepG2 cells were treated with BA1 to attenuate the autophagy process. The results revealed that treatment with DIOS alone resulted in significantly decreased cell proliferation when compared with cells treated with DIOS and BA1 (Fig. 5A and B) . Furthermore, western blotting demonstrated that the expression of pro-apoptosis proteins Bak, Bax and p53 was higher following treatment with DIOS alone when compared with combined treatment with DIOS and BA1 (Fig. 5C and D) .
Discussion
HCC is one of the most common malignant tumors worldwide, accounting for the second highest number of cancer-associated mortalities (9.1% of all cancer-associated deaths); the mortality rate reached 95% in 2012 (2, 3) . It has been reported that several flavonoid compounds, including baicalein (25) , dihydromyricetin (26, 27) and resveratrol (28) may exhibit antitumor effects. DIOS is a flavonoid that has been demonstrated to exhibit antibacterial, antimicrobial, anti-inflammatory and antioxidant effects (29) . Previously, it has been demonstrated that DIOS induces cell cycle arrest in the G2/M phase (30) ; however, the association between DIOS and cell proliferation inhibition, apoptosis and autophagy in HCC cells remains unclear.
Apoptosis induction is considered to be an effective strategy for cancer treatment (27) . The present study indicated that exposing HepG2 cells to >5 ug/ml DIOS for 24 h significantly inhibited cell proliferation Furthermore, treatment with 10 and 20 µg/ml DIOS also increased apoptosis rates in HepG2 cells via the upregulation of apoptosis-related proteins, p53 and Bak, alteration of the Bax/Bcl-2 ratio and subsequent activation of caspase-3. p53 is one of the most important proteins involved in the death receptor and mitochondrial pathways (26) . It regulates the expression of Bax, Bak and Bcl-2 and converts pro-caspase-3 into cleaved caspase-3 to stimulate apoptosis (8) . Bax is a pro-apoptotic protein, which relocates to the mitochondria following the induction of apoptosis to induce mitochondria depolarization. By contrast, Bcl-2 is an anti-apoptotic protein that inhibits the function of Bax (31) . Therefore, the ratio of Bax/Bcl-2 is associated with apoptosis (32). The current study indicated that DIOS induces HepG2 cell apoptosis by upregulating the protein expression of Bax and downregulating Bcl-2 protein expression.
Autophagy is a degradation process that delivers cytoplasmic material to lysosomes via autophagosomes. Autophagy is considered to exhibit two separate effects on tumor development: It has the ability to suppress the growth of precancerous cells and maintain a stable genome and it may also prevent the survival of tumor cells (33) . Therefore, whether autophagosomes protect cancer cells from external factors or induce cell apoptosis in cancer therapy remains controversial (34) . Previous studies have indicated that pharmacological inhibition of autophagy or silencing of autophagy related genes, such as ATG5, may reduce the risk of drug resistance arising following chemotherapy treatment (35) (36) (37) . It has been reported that autophagy induces cell death by depleting the cell of organelles and critical proteins, a process termed autophagic cell death (38) (39) (40) . mTOR is considered a critical inhibitor protein in the regulation of autophagy; another essential protein involved in mTOR phosphorylation and it has been suggested that S6 kinase negatively regulates autophagy (44) .
The results of the present study indicated that DIOS does not affect Akt, Erk1/2 and AMPK expression, however, it was demonstrated that DIOS treatment decreased the phosphorylation of Akt and Erk1/2 and stimulated AMPK phosphorylation, subsequently inhibiting mTOR expression. Furthermore, DIOS suppressed the phosphorylation of S6 kinase, which also contributed to the inhibition of mTOR phosphorylation. We hypothesize that the DIOS-induced inhibition of mTOR expression and phosphorylation triggered autophagy in HepG2 cells.
Autophagy and apoptosis are important biological processes that maintain cell stability, structure, function and development (45) . In the present study, autophagy was blocked by BA1 (41) to investigate whether DIOS-triggered apoptosis was affected. Notably, the inhibition of HepG2 cell proliferation caused by DIOS treatment was partially reversed and the expression of apoptosis-related proteins was altered: p53, Bak and Bax expression decreased, however, Bcl-2 expression increased marginally. Several studies have demonstrated that a number of molecules involved in autophagy are also involved in apoptosis signal transduction (46) (47) (48) . For example, the autophagy-related protein Beclin-1 generates a pro-apoptotic protein fragment, which interacts with the mitochondrial apoptosis pathway via the Bcl-2 family (48). Furthermore, it has been demonstrated that Bcl-2 functions as an anti-apoptotic protein and an anti-autophagy protein via its inhibitory interaction with Beclin-1 (49) . However, the exact association between autophagy and apoptosis remains unclear and requires further investigation.
In conclusion, the present study demonstrated that DIOS effectively inhibits proliferation and induces apoptosis in HCC cells, and these effects were a result of autophagy induction via mTOR-related pathways. Therefore, DIOS may present a novel therapeutic treatment for HCC.
